We examined mismatch repair (MMR)-defective diploid strains of budding yeast grown for $160 generations to determine whether decreases in spore viability due to the uncovering of recessive lethal mutations correlated with an increase in gross chromosomal rearrangements (GCRs). No GCRs were detected despite dramatic decreases in spore viability, suggesting that frameshift and/or other unrepaired DNA replication lesions play a greater role than chromosomal instability in decreasing viability in MMRdefective strains.
T HE mismatch repair (MMR) system contributes to genome stability by repairing DNA replication errors and suppressing recombination between divergent sequences. Long-term-growth experiments in several organisms have indicated that the absence of MMR leads to decreased fitness due to the accumulation of mutations (Funchain et al. 2000; Wloch et al. 2001; Zeyl and DeVisser 2001; Degtyareva et al. 2002; Hoffman et al. 2004) . In Saccharomyces cerevisiae, the effects of MMR deficiency include an increase in the accumulation of recessive lethal mutations, as revealed by the progressive decline in the viability of meiotic progeny of repeatedly subcultured diploid strains (Williamson et al. 1985; Reenan and Kolodner 1992; Prolla et al. 1994; Wloch et al. 2001; Heck et al. 2006) . Analyses of single loci in Escherichia coli, yeast, and human cells have shown that MMR-defective mutants display increased rates of gross chromosomal rearrangements (GCRs), including duplications, deletions, and translocations (Petit et al. 1991; Chen et al. 2001; Myung et al. 2001) . In contrast, cytogenetic and microarraybased comparative genomic hybridization (CGH) analyses have suggested that human tumor cells with MMR defects contain fewer GCRs than most other solid tumors (e.g., Snijders et al. 2003) .
These studies encouraged us to utilize a controlled system to examine whether chromosomal rearrangements accompany the progressive decrease in spore viability observed in MMR-defective diploid yeast strains. We used a microarray-based CGH analysis and pulsedfield gel electrophoresis (PFGE) (Dunham et al. 2002) to examine the effects of extended growth of MMRdefective diploid yeast strains on genome stability. Specifically, a temperature-sensitive mlh1 allele, mlh1-7 (K67A, D69A; Argueso et al. 2003) , was used to examine mutation accumulation in replicate diploid lines over 160 generations. The temperature-sensitive MMR phenotype of mlh1-7 was confirmed using a lys2-A 14 reversion assay in haploid strains (Tranet al. 1997) . At 26°, the lys2-A 14 reversion rates in mlh1-7 and mlh1D strains were 32-and 2550-fold higher, respectively, than those in wild type (7.0 3 10 À7 ); at 35°, they were 955-and 3650-fold higher, respectively. Use of a conditional allele allowed us to bypass the meiotic defect of an mlh1 mutation by inducing meiosis and sporulation at the permissive temperature (Hunter and Borts 1997) . It also allowed us to minimize further mutation accumulation through growth at the permissive temperature in cultures grown for the purpose of preparing chromosomal DNA for GCR analysis.
Ten wild-type and 10 mlh1-7 diploid strains were isolated at the permissive temperature, 26°, and then subcultured repeatedly on rich media at the nonpermissive temperature, 35°( Figure 1A ). Spore viability was assessed after 0, 40, 100, and 160 generations of growth 1 at 35°by sporulating diploids at the permissive temperature and dissecting at least 40 complete tetrads. Control experiments performed in parallel at 26°indicated that there was little difference between wild type and mlh1-7 in the accumulation of mutations affecting spore viability. At generation 0, wild-type and mlh1-7 spore viabilities were 95.2 and 94.0%, respectively; after 160 generations at 26°, they were 94.1 and 92.7%, respectively. These small differences in viability were statistically significant at generation 0 (P ¼ 0.043) but not at generation 160 (P ¼ 0.11; for significance of the difference between two independent proportions, see http:// faculty.vassar.edu/lowry/VassarStats.html).
Wild-type spore viabilities after 40, 100, and 160 generations at 35°remained high, while decreases in spore viability were observed for all 10 mlh1-7 lines ( Figure 1B) . In two cases, mlh1-7 cells sampled at a later generation had higher spore viabilities than at an earlier generation. This apparent increase is likely a matter of chance; the cells chosen to continue growth of the culture had fewer mutations affecting spore viability than those sampled for measurement of spore viability at a given step. After 160 generations at the restrictive temperature, mlh1-7 spore viabilities ranged from 1.1 to 76.9%, with a median value of 14.5%. The mean viability declined at a rate of 0.0042/generation ( Figure 1B ; mean spore viability ¼ À0.0042 3 generation 1 0.85), with the variance increasing from 0 to 100 generations. The variance decreased at generation 160, presumably because of the high percentage of lethals. At 40, 100, and 160 generations, spore viabilities of some mlh1-7 lines grown at 35°clustered near 50 and 25%. This can be explained by a single recessive lethal mutation in the former case and by two unlinked recessive lethal mutations in the latter case.
We used estimates of the number of recessive lethal mutations in each line to calculate the rate of such mutations in mlh1-7 strains grown at 35°. These estimates were made using the following assumptions: spore viability .50% ¼ 0 recessive lethal mutations; 30-50% ¼ 1; 15-30% ¼ 2; ,15% ¼ 3. We observed a linear relationship (average number of mutations ¼ 0.014 3 generation À0.031) between the average number of mutations per isolate and generation, with the slope of the line, 0.014, corresponding to the mutation rate per generation ( Figure 1C ). Wild-type (EAY102 MATa his3 cyh s ade2 ura3 trp1/ EAY104 MATa leu2 cyh r ura3 trp1) and mlh1-7 (EAY1491 MATa his3 cyh s ade2 ura3 trp1 mlh1-7TKanMX4/EAY1492 MATa leu2 cyh r ura3 trp1 mlh1-7TKanMX4) S288c diploid strains were isolated by mating the indicated haploid strains at the permissive temperature (26°) and then by selecting for diploids on complete media lacking leucine and histidine. The resulting single colonies were frozen in glycerol stocks; these isolates were designated as generation 0. Portions of each single colony were also struck out on YPD plates to obtain single colonies at 26°and 35°, and stable diploid lines were propagated at 26°or 35°by serial transfer of randomly chosen colonies on YPD plates. Colonies were frozen every transfer ($20 generations). To determine spore viability at generation 0, cells were patched from frozen stocks onto YPD plates, grown overnight at 26°, and then plated on sporulation media. To determine spore viability and analyze DNA at later generations, cells from the frozen stocks were first struck to single colonies at the permissive temperature to reduce mutation accumulation and obtain a uniform population of cells. These single colonies were frozen, and samples were taken from frozen stocks to determine spore viability and isolate genomic DNA for pulsed-field electrophoresis and CGH. All tetrads were dissected on minimal complete plates. Colonies visible to the naked eye after 4 days at 26°were scored as viable. (B) Spore viability of 10 mlh1-7 lines (solid circles) was assessed after 0, 40, 100, and 160 generations at 35°. Spore viability of 10 wild-type lines (solid triangles) was assessed after 0 and 160 generations at 35°; that of three of the lines was also assessed after 40 and 100 generations. A total of 40-100 tetrads was dissected for each wild-type and mlh1-7 line at the indicated generation. (C) Relationship between the average number of recessive lethal mutations per mlh1-7 isolate and generation. See text for details.
While analysis of segregation patterns allows us to infer the number and rate of mutations affecting spore viability, it does not reveal the type of mutation. To address this question, we used pulsed-field gel electrophoresis to look for alterations in chromosome size in all 10 of the generation 160 mlh1-7 strains as well as in wild-type and mlh1-7 generation 0 controls. The electrophoretic karyotypes were identical among all strains, indicating an absence of gross deletions, amplifications, or translocations (data not shown). We also examined these samples using array CGH to investigate whether impaired MMR results in alteration of DNA copy number (Dunham et al. 2002) . Using CGH and PFGE, Dunham et al. (2002) performed an unbiased genomewide analysis and identified GCRs that were .100 kb. We used Agilent yeast 11k 60-mer oligonucleotide microarrays that contain a single probe for each open reading frame. Although CGH has been used to detect singlegene copy-number change, accurate identification usually requires at least a twofold DNA copy-number change. Thus, in a diploid genome, an increased copy number of a single probe, resulting in a hybridization ratio of 3:2, or a decreased copy number resulting in a ratio of 1:2, cannot be reliably detected. Initial tests of the Agilent arrays using self-self hybridizations confirmed the unreliability of single probe measurements (data not shown). Thus, we considered the running average intensity over nine probes (Dunham et al. 2002) , which limits our resolution to GCRs that involve nine or more genes (probes), but reduces noise in the data. While this survey has limitations in terms of resolution, it provides an unbiased genomewide analysis for GCRs that is distinct from studies involving a selection for GCRs (e.g., Myung et al. 2001; Lemoine et al. 2005) .
For each gene i, we averaged the log 2 (Cy5/Cy3) value for (k À 1)/2 genes to the left and right of i. We set k to 9 and imposed a heuristic requirement of five contiguous probes reporting a log 2 (Cy5/Cy3) value $0.58 or #À1 as evidence of a GCR. No chromosomal segments fulfilled this requirement, suggesting that no changes in DNA copy number were present in samples from the 10 independently derived generation 160 mlh1-7 lines. Representative results from one experiment in which DNA from generation 0 and generation 160 mlh1-7 strains were cohybridized to an array are shown in Figure 2 .
Although the increased rates of GCRs reported previously for MMR mutants are moderate compared to those of mutants in some other DNA repair pathways (Petit et al. 1991; Myung et al. 2001) , we reasoned that GCRs could also arise as a secondary effect of the MMR Figure 2. -Analysis of DNA copy number by array CGH as described by Dunham et al. (2002) . The images, generated using JavaTreeView (http:/ /jtreeview.sourceforge.net/), show log 2 -transformed array data averaged over nine genes for each of the 16 yeast chromosomes, aligned by centromeres (I-XVI in order, from top to bottom). (A) Control: an mlh1-7 generation 0 strain cohybridized with DNA from an isogenic wild-type strain. (B) An mlh1-7 generation 0 strain cohybridized with an mlh1-7 generation 160 strain. Lines above and below each chromosome correspond to a log 2 value of 61 (or a DNA copy-number ratio of 2:1) and the height of each individual feature along the chromosome corresponds to its log 2 ratio as measured on the array. In diploids, an extra copy of a locus results in a 3:2 copy-number ratio, or a log 2 value of 0.58. defect through mutations accumulating in other pathways. However, our analyses using CGH and pulsed-field gel electophoresis did not reveal GCRs in any of the strains. It is possible that our sample set was too small to detect an increased rate of GCR formation. Moreover, it is possible that the strains contained chromosomal defects not detectable using Agilent 11k yeast arrays or PFGE, either because they were too small or because they did not change chromosome size or DNA copy number (e.g., an inversion). Alternatively, the postreplicative MMR defect, which has been shown to confer an increase in base substitution, frameshift, and DNA slippage events, fully accounts for the reduced spore viability observed. In the following paragraph, we provide evidence within the context of DNA slippage of how such a postreplicative MMR defect could yield the observed decrease in viability.
Numerous studies have shown that loss of MMR results in a large increase in the rate of frameshift mutations within mono-and dinucleotide repeats, with longer repeats exhibiting greater instability (Tran et al. 1997; Harfe and Jinks-Robertson 2000) . In human cancers resulting from MMR deficiency, including hereditary nonpolyposis colorectal cancer and some sporadic cancers, instability of repeat sequences within genes that control cell growth is suspected to contribute to cancer progression (Peltomaki 2001; Chung and Rustgi 2003) . To investigate the extent to which repeat instability could be contributing to spore lethality in our system, we searched the yeast genome for mononucleotide repeats in coding DNA and used previously reported mutation rates to estimate probabilities of frameshift mutations (Table 1; Tran et al. 1997; Harfe and Jinks-Robertson 2000) . Twenty-two essential genes contain mononucleotide runs of at least 10 nucleotides. We calculated that the probability of at least one of these genes incurring a À1 frameshift within a run is 89% after 160 generations in yeast lacking MMR. In contrast, although there are $600 seven-nucleotide homopolymer runs in essential genes, the probability of mutation in one or more of these runs is ,30%. Thus, mutations in a small subset of essential genes may be major contributors to the reduced spore viability in our MMRdeficient strains. We did not pursue a similar analysis for the probability of base substitution mutations in essential genes that confer a null phenotype because the rate of such substitutions in MMR-defective mutants appears to be highly dependent on the type and orientation of the mismatch as well as sequence context (Earley and Crouse 1998; Marsischky and Kolodner 1999) .
In addition to decreased replication fidelity, the chromosomal instability associated with MMR deficiency could also contribute to cancer susceptibility. Recent analysis of MMR-defective human cell lines by array CGH, however, showed that these lines displayed fewer copynumber changes than MMR-proficient lines (Snijders et al. 2003) . Consistent with this, our results suggest that base substitution, frameshift, and DNA slippage events associated with defects in MMR are likely to play a greater role than GCRs in disrupting genes with important cellular functions. Tran et al. (1997) and Harfe and Jinks-Robertson (2000) . Note that rates at specific loci may vary, depending on factors such as chromosomal location and sequence context (Harfe and Jinks-Robertson 2000; Hawk et al. 2005) . The probability of incurring mutations in a given set of sequences within a given number of generations was calculated assuming a Poisson distribution, as one minus the probability of incurring no mutations, which was calculated as p(x ¼ 0) ¼ e À(m)(no. of loci) (no. of generations) , where m is mutations per locus per generation.
c Probability of incurring frameshift mutations within essential genes containing the indicated type of repeat. d Calculated on the basis of the percentage of genes in the genome that are essential (18.7%).
